Three isolates of spherical thermoacidophilic archaebacteria (strains TA-1, TA-2 and N-8) were obtained from acidic hot springs at Hakone and Noboribetsu in Japan. We have studied the isolates using electron microscopy, Gram staining, sensitivity to lysozyme, growth conditions, lipid compositions, SDS-PAGE patterns of whole-cell proteins, DNA base composition and partial 16S rRNA sequences. These characteristics of the isolates were compared with those of the type strains, Sulfolobus acidocaldarius, Sulfolobus solfataricus, Acidianus brierleyi, Acidianus infernus, Metallosphaera sedula and Desulfurolobus ambivalens. Comparative studies indicated that the isolate TA-1 was novel species of either Sulfolobus or Acidianus, the isolate TA-2 belonged to the genus Metallosphaera, and the isolate N-8 belonged to the same species of S. acidocaldarius isolated from Yellowstone.
Three isolates of spherical thermoacidophilic archaebacteria (strains TA-1, TA-2 and N-8) were obtained from acidic hot springs at Hakone and Noboribetsu in Japan. We have studied the isolates using electron microscopy, Gram staining, sensitivity to lysozyme, growth conditions, lipid compositions, SDS-PAGE patterns of whole-cell proteins, DNA base composition and partial 16S rRNA sequences. These characteristics of the isolates were compared with those of the type strains, Sulfolobus acidocaldarius, Sulfolobus solfataricus, Acidianus brierleyi, Acidianus infernus, Metallosphaera sedula and Desulfurolobus ambivalens. Comparative studies indicated that the isolate TA-1 was novel species of either Sulfolobus or Acidianus, the isolate TA-2 belonged to the genus Metallosphaera, and the isolate N-8 belonged to the same species of S. acidocaldarius isolated from Yellowstone.
A comparative sequence study of the 16S rRNAs showed that living organisms can be divided into three kingdoms: the traditional eubacterial and eukaryotic kingdoms and the newly recognized archaebacterial kingdom (22, 23) . Although archaebacteria exhibit a prokaryotic cell structure and organization, they show distinguishing and unique features (1, 10, 11, (14) (15) (16) .
From acidic hot springs in Japan, three isolates of spherical thermoacidophilic archaebacteria (strains TA-1, TA-2 and N-8) were obtained. Total lipid composition analysis and preliminary results of growth temperature and pH showed that these three strains belong to the order Sulfolobales (19, 20) .
In sulfur-dependent thermophilic archaebacteria, the following five genera have been assigned to the order Sulfolobales: (i) the genus Sulfolobus, which is the type genus and includes the species S. acidocaldarius (3), S. solfataricus (24) , S. shibatae (6) and S. metallicus (9) , (ii) the genus Acidianus, which includes the species A. brierleyi (2, 17) and A. infernus (17) , (iii) the genus Metallosphaera, with one species, MM sedula (8), (iv) the genus Stygiolobus, with one species, S. azoricus (18) , (v) the genus Desulfurolobus, with one species, D. ambivalens (25) . All species of the order Sulfolobales are acidophilic cocci. Sulfolobus and Metallosphaera grow as aerobes. In contrast, Acidianus and Desulfurolobus are facultatively anaerobic organisms. Stygiolobus is an obligately anaerobic member of Sulfolobales. D, ambivalens has been suggested to belong to the genus Acidianus based on DNA-DNA hybridization experiments (18) . This paper deals with the characterization and identification of the isolates TA-T, TA-2 and N-8 based on electron microscopy, Gram staining, sensitivity to lysozyme, growth conditions, core lipid compositions, SDS-PAGE patterns of whole-cell proteins, DNA base compositions and partial 16S rRNA sequences. The doubling times were calculated from the slopes of the growth curves. Anaerobic cultivations were performed with a BBL gaspack anaerobic system (BBL) according to the manufacturer's instructions. This system gives gas phase H2/C02 (9 :1). Modified Brock's medium for anaerobic cultivation was reduced by the addition of sodium sulfide (0.75 g/l), which was visualized by reduction of resazurin ( l mg/t). Electron microscopy. Thin sections of TA-1, TA-2 and N-8 were prepared by rapid-freezing and substitution fixation as previously described (5), and examined using a JEOL JEM-2000EX TEM at 100 kV.
Gram-staining. Gram-staining tests of log-phase cells were carried out using the standard method. Escherichia coli LE392 and Bacillus subtilis 162 were used for negative and positive controls of staining, respectively.
Sensitivity of lysozyme. Log-phase cells from 10-ml cultures were washed and resuspended in 3 ml of hypertonic solution (0.75 M sucrose in 10 mM Tris-HCI, pH 8.0). The following solutions were added to 1 ml each of the suspension at final concentrations of 100 mg/ml of lysozyme and 1 mM of EDTA: a) lysozyme, b) lysozyme and EDTA, c) no addition of lysozyme or EDTA. The reaction mixtures were incubated at 37°C for 30 min, and diluted with 4 volumes of distilled water. The decreases in turbidity were measured at 600 nm using a photometer (Milton Roy 21D).
Lipid analysis. Total cellular lipids were extracted from stationary-phase cells as described in the previous report (19) and analyzed using a SHIMADZU FTIR-8200 spectrophotometer. Core lipids of diglyceryl tetraether (DGTE) and caldityl glyceryl tetraether (CGTE) were prepared by acid methanolysis of total cellular lipids as described in a previous report (20) . DGTE and CGTE were subjected to thin-layer chromatography with precoated plates (silica gel 60 HPTLC, Merck). The plates were developed by two ascending runs with the following solvent systems as: 1st step, chloroform : methanol : water=75 :25 : 2 (up to 2 cm from the origin); 2nd step, n-hexane : diethyl ether : acetic acid = 60 :40:2.
Whole-cell SDS-PAGE protein patterns. Log-phase cells were suspended in a sample buffer (0.0625 M Tris-HCI, pH 6.8, 1 % mercaptoethanol, 0.2% SDS, 0.001 % phenol-red, 10% glycerol, 0.002% bromophenol blue). Supernatants were recovered by centrifugation, heated at 100°C for 2 min and then applied on a 12% gel. Proteins were visualized by silver staining.
DNA base composition. The G + C contents of DNAs were determined by reverse-phase HPLC of the DNAs digested with nuclease P1 (21 Cloning and sequencing of the 16S rRNA genes. The fragments of partial 16S rDNAs from TA-1, TA-2, N-8, A. infernus and D, ambivalens were amplified by PCR with synthetic oligonucleotides (5'-CAG CAG CCG CGG TAA TAC and 5'-ACG GGC GGT GTG TGC). These sequences are universally found around positions 530 and 1400, respectively in the 16S rRNA genes not only in eubacteria but also in archaebacteria (7) . The amplified fragments were subcloned into pBluescript SK-(Stratagene, La Jolla, U.S.A.). DNA sequence analysis was carried out by the dideoxynucleotide chain termination method with Fluoresceinisothiocyanate-labelled primers using a HITACHI SQ-3000 DNA sequencer. Bcabest DNA polymerase (Takara, Ohtsu, Japan) was used and dGTP was replaced with dITP in all four sequencing mixtures to avoid "peak compression."
Nucleotide sequence accession numbers. The nucleotide sequence data reported in this paper will appear in the GSDB, DDBJ, EMBL and NCBI nucleotide sequence databases with the following accession numbers: D38773 /A. infernus, D38774 /D. ambivalens, D38775 /TA-1, D38776/TA-2 and D38777/N-8.
RESULTS

Morphology
Under the phase contrast microscope, cells of the isolates TA-1, TA-2 and N-8 appeared as round to slightly irregular cocci about 11am in width. Under the transmission electron microscope, thin sections of TA-2 revealed a surrounding envelope about 20 nm wide covering the cell membrane. Pili-or flagella-like structures were not observed (Fig. 1) . Electron micrographs of TA-1 and N-8 were quite similar to that of TA-2 (not shown). All the isolates and S. acidocaldarius were Gram-negative and insensitive to 100 mg/ml of lysozyme even coexisting with 1 mM EDTA. (filled system. This system gives gas phase H2/C02 (9: 1). Growth of TA-2, N-8 and S. acidocaldarius were not observed under this anaerobic condition. In contrast to these strains, TA-1 was able to grow under gas phase H2/C02 (9: 1) . The results indicated that TA-2 and N-8 grow as aerobes, and TA-1 is facultatively anaerobic.
Lipids analysis
The infrared spectra of the total lipid extracts from the three isolates were characteristic, showing the presence of ether bonds at 1,100 cm-' and the total absence of fatty acid ester at 1,740-1,730 cm-'.
These infrared spectroscopic analysis of the total cellular lipids of TA-1, TA-2 and N-8 indicated that the lipid constituents exclusively contained ether linkages.
Thermoacidophilic archaebacteria of the order Sulfolobales have two types of core lipid structures; diglyceryl tetraether (DGTE) and caldityl glyceryl tetraether (CGTE) (4). The CGTE derivatives share 70% or more of the total lipids from cells (20) and are found in only Sulfolobales (4). These two core lipids can be obtained by acid methanolysis of the total lipids and are detected by thin-layer chromatography. The isolates TA-1 and N-8, S. acidocaldarius, A. brierleyi and MM sedula had both DGTE and CGTE. In contrast with these strains, the isolate TA-2 had no CGTE (Fig. 3 ). An unidentified band was detected between the origin and CGTE in each lane of all the isolates and type strains. G+C content of DNAs and 16S rRNA sequences The G + C contents of TA-1, TA-2 and N-8 are summarized in Table 1 with type strains belonging to Sulfolobales. The G + C content of TA-1 was 32.9 mol%, v . v V I Fig. 4 . SDS-PAGE of the whole-cell proteins of TA-1, TA-2, strains.
Lanes: 1, Desulfurolobus ambivalens; 2, Acidianus brierleyi; Metallosphaera sedula; 5, TA-2; 6, Sulfolobus acidocaldarius; 7, N-8. which was identical to that of A.. infernus or D. ambivalens. The G + C content of TA-2 was 47.1 mol% which was similar to that of M sedula. N-8 had a 36.7 mol% G + C content which was identical to that of S. acidocaldarius.
Comparison of the partial 16S rRNA sequences (about 860 bp) from our isolates and the type strains are summarized in Table 2 . These sequences are located around position 500-1360 in the 16S rRNA gene. The 16S rRNA sequence of TA-1 showed 89 to 94% homologies with those of the other isolates or type strains, and were most identical to those of N-8 and S. acidocaldarius (93.7%). The 16S rRNA sequence of TA-2 was 99% identical (6 bases per 858 bases were different) to the corresponding sequence of MM sedula and showed 90 to 93% homology with those of TA-1 or other type strains. The 16S rRNA sequence of N-8 was completely identical to the corresponding sequence of S. acidocaldarius and showed about 90% homology with those of TA-2 or other type strains. The homology between A. infernus and D. ambivalens was 99.7%.
DISCUSSION
In this study, Stygiolobus azoricus which is a strict anaerobe was not used for comparison, because all of our isolates were known to grow under aerobic conditions by preliminary experiments.
The lipid constituents of both strains exclusively contained ether linkages. This is strong evidence that the isolates TA-1, TA-2 and N-8 belong to archaebacteria.
D, ambivalens has been suggested to belong to the genus Acidianus based on experiments of DNA-DNA hybridization (18) . We found that the homology of the 16S rRNA between A. infernus and D. ambivalens is 99.7% (Table 2) . These results indicate that D. ambivalens belongs to the genus Acidianus. Acidianus species are the only facultative anaerobic members in the order Sulfolobales while Sulfolobus and Metallosphaera are aerobic and Stygiolobus is strictly anaerobic.
The isolate TA-1 is a facultative anaerobe, and the G + C content of TA-1 is almost the same as those of A. infernus or D. ambivalens. In contrast with these results, the 16S rRNA of TA-1 is more similar to those of Sulfolobus strains than those of Acidianus strains. Because of these characteristics, it appears that the isolate TA-1 is a novel species of either Sulfolobus orAcidianus. We should perform other experiments such as DNA-DNA hybridization for the final assignment of taxonomic status of TA-1.
The isolate TA-2 is a Gram-negative cocci and grows as an aerobe. The optimal temperature and pH for growth, doubling time, and G + C content of TA-2 are almost the same as those of M. sedula. The whole-cell proteins of TA-2 and MM sedula exhibit the same ladder in SDS-PAGE except for several bands. The 16S rRNA sequence of TA-2 is 99% identical to that of MM sedula. In contrast with these characters, their lipid compositions are quite different. TA-2 has only DGTE as the tetraether-type lipid while MM sedula has both DGTE and CGTE. This is a very special feature of TA-2, because the CGTE is a major core lipid and its derivatives share 70% or more of the total lipids of sulfur-dependent thermoacidophilic archaebacteria (20) . The isolate TA-2 is the first example of sulfurdependent thermoacidophilic archaebacteria which lacks a CGTE. These results suggest that the isolate TA-2 belongs to the genus Metallosphaera and CGTE may not be essential for survival of sulfur-dependent thermoacidophilic archaebacteria. The isolate N-8 is a Gram-negative cocci and grows as an aerobe. The optimal temperature and pH for growth, doubling time, and G + C content of N-8 are almost the same as those of S. acidocaldarius. Furthermore ,, the whole-cell protein pattern and the 16S rRNA sequence of N-8 are identical to those of S. acidocaldarius. These results indicate that the isolate N-8 obtained from Noboribetsu belongs to the same species of S. acidocaldarius from Yellowstone.
